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EXPERT REVIEW 

Translational approaches to the biology of Autism: 
false dawn or a new era? 

C Ecker\ W Spooren^ and DGM Murphy^ 

Discovering novel treatments for Autism Spectrum Disorders (ASD) is a challenge. Its etiology and pathology remain largely 
unknown, the condition shows wide clinical diversity, and case identification is still solely based on symptomatology. Hence 
clinical trials typically include samples of biologically and clinically heterogeneous individuals. 'Core deficits', that is, deficits 
common to all individuals with ASD, are thus inherently difficult to find. Nevertheless, recent reports suggest that new 
opportunities are emerging, which may help develop new treatments and biomarkers for the condition. Most important, several 
risk gene variants have now been identified that significantly contribute to ASD susceptibility, many linked to synaptic 
functioning, excitation-inhibition balance, and brain connectivity. Second, neuroimaging studies have advanced our 
understanding of the 'wider' neural systems underlying ASD; and significantly contributed to our knowledge of the complex 
neurobiology associated with the condition. Last, the recent development of powerful multivariate analytical techniques now 
enable us to use multi-modal information in order to develop complex 'biomarker systems', which may in the future be used to 
assist the behavioral diagnosis, aid patient stratification and predict response to treatment/intervention. The aim of this review 
is, therefore, to summarize some of these important new findings and highlight their potential significant translational value to 
the future of ASD research. 
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INTRODUCTION 

Autism Spectrum Disorders (ASD) are a group of conditions in 
which heterogeneity, both causative and phenotypic, is emerging 
as a dominant theme.^ This poses a complex challenge to 
developing new treatments, and biomarkers. Also, case identifica- 
tion is still solely based on symptomatology (that is, impaired 
social communication, social reciprocity and repetitive/stereotypic 
behavior^). Hence, clinical studies typically include samples of 
biologically heterogeneous cases, and this has hampered studies 
of clinical outcomes as well as research into the specific molecular 
and genetic underpinnings of the condition. However, several 
lines of evidence are now emerging that may unite findings from 
separate disciplines (for example, genetics, neuropathology and 
neuroimaging). These seem to converge in suggesting a common 
etiological pathway for ASD, namely: defective synaptic function- 
ing, excitation-inhibition balance and brain connectivity. Further, 
they present new (and tractable) opportunities to identify 
biomarkers that can be used to fractionate the disorder and 
underpin the discovery of new drug targets. Here, we examine the 
genetic and neurobiological 'building blocks' of ASD, and suggest 
a pathway from abnormalities in the synapse to the formation of 
large-scale cortical systems (Figure 1). 



GENETIC MODELS OF ASD AND THEIR IMPORTANCE FOR 
DRUG DEVELOPMENT 

It has long been known that ASD is among the most genetically 
determined neuro-psychiatric conditions, with concordance rates 



between identical twins reported at nearly 90% in some studies.^'"^ 
The high heritability of the condition has been linked to several 
risk gene variants that significantly contribute to the genetic 
architecture of ASD (reviewed in Abrahams et al.^). These include 
common as well as rare genetic variants, which may plausibly help 
guide the development of new pharmacological targets and 
interventions in the future. 

Despite the high heritability of the condition, the number of 
common genetic variants that have been reliably associated with 
ASD is surprisingly small. Such common variants are generally 
identified by genome-wide association studies (GWAS), which 
examine the association of a large number of common 
polymorphisms with a trait or groups of individuals (for example, 
ASD vs 'neurotypicals'). For example, Wang et al.^ found a 
significant association between ASD and cadherin 10 (CDH10 and 
CDH9) genes on region 5p14.1, which code for neuronal cell- 
adhesion molecules. Another genome-wide linkage study has also 
identified a potential role for semophorin 5A (SEIV1A5A), a gene 
implicated in axonal guidance and reported to be downregulated 
in ASD.^ It has generally been assumed that the relative paucity of 
significant genome-wide results may be a consequence of the 
small effect sizes attributable to any particular gene, and 
conservative statistical thresholds resulting from multiple compar- 
ison corrections.^ More recent studies, however, also highlight the 
importance of a number of distinct and individually rare genetic 
variants for ASD, which significantly contribute to the genetic 
architecture of the condition. 

Rare copy number variants (CNVs), which are insertions or deletions 
of relatively large DNA fragments, are often not transmitted from the 
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Figure 1. Synaptic functioning and brain connectivity in Autisnn Spectrunn Disorders (ASD)— fronn the nnolecular level to the neural systenns level. 



parent but instead occur de novo. Such rare CNVs are currently 
thought to account for ~10% of cases with idiopathic autisnn, that 
is, those with no known cause (unlike ASD occurring in Fragile X or 
Rett syndrome). To date, the rare nnutations have predominantly 
been observed in genes encoding for synaptic cell adhesion 
molecules, which have a crucial role in synaptogenesis and neuronal 
differentiation. For example, well-replicated findings implicate CNVs 
in genes encoding for a family of proteins known as neuroligins, 
neurexins and SHANKS. 



Neuroligins and neurexins 

One of the first CNVs groups found to be associated with ASD 
included neuroligin {NLGN) genes such as neuroligin 3 {NLGN3) and 
neuroligin 4 X-linked (NLGN4X)7 Neuroligins are a family of cell 
adhesion proteins whose members are localized postsynaptically, 
and are believed to be involved in the formation and consolidation 
of synaptic contacts.^ Neuroligins form a transsynaptic contact with 
presynaptic neurexins, which is thought to trigger synaptogenesis, 
and abnormalities in this process have been linked to 
ASD.^ Neuroligins (and neurexins) can induce the formation of 
both excitatory and inhibitory synapses, depending on their 
specific subtypes (reviewed in Dalva et al}^). Furthermore, it has 
been demonstrated in neuroligin-knockout animals that 
depletion of the gene leads to a shift in the balance between 
excitation and inhibition." This is of importance because increas- 
ing evidence points to a role for disturbances to the excitation- 
inhibition balance being implicated in ASD (Rubenstein and 
Merzenich^^). 

ASD has also been linked to another member of the neurexin 
family, contactin associated protein-line 2 (CNTNAP2). CNTNAP2 
has been shown to modulate language function in ASD (and other 
conditions), and may modulate long-range brain connectivity. 
CNTNAP2 messenger RNA is significantly enriched in the 
developing human brain in the frontal and temporal lobes, as 
well as in striatal circuits and in the frontal cortex of the adult 
brain.^^ In humans, these regions support speech and language 
learning, which are frequently impaired in ASD. On the molecular 
level, CNTNAP2 is thought to have a major role in assisting 
interactions important for cellular migration and subsequent 



laminar organization, indicating a role for this CNVs being the 
construction of neural circuits.^"^ The cortical pattern of CNTNAP2 
expression particularly implicates frontal lobe connectivity, 
which has been reported to be atypical not only in ASD but 
also in a variety of ASD-related conditions, such as attention 
deficit-hyperactivity disorder^ ^ (also discussed below). This finding 
is of particular importance as the genetic mediation of disconnec- 
tion across multiple phenotypes suggests that certain genetic 
variants, and their associated brain phenotypes, may not be 
specific to ASD. Instead, they may increase the overall risk of 
ASD by affecting isolated neural systems that mediate specific 
autistic symptoms. 



SHANK3, glutamate and GABAergic signaling in ASD 
Another promising gene, which has been linked to ASD, is 
SHANK3.^^ SHANK3 codes for a key postsynaptic density protein at 
glutamatergic synapses, which is believed to function as a scaffold 
for the assembly of the postsynaptic signaling complex. Mice with 
a deletion of the SHANKS gene have been reported to exhibit 
autistic-like symptoms such as deficits in social interaction and 
repetitive behavior.^ ^ Further, SHANK3 modulates striatal size 
(larger in knockout mouse) as well as the anatomy of cortico- 
striatal circuits known to be affected in ASD^^— and for which 
there is preliminary evidence to suggest that glutamate metabo- 
lism is abnormal in individuals with ASD.^^ In humans, it has also 
recently been demonstrated that mutations in SHANK3 strongly 
affects the development and morphology of dendritic spines and 
reduces synaptic transmission in mature neurons.^° Hence it has 
been suggested^^ that variation in SHANK3 may directly modulate 
some aspects of brain phenotype in ASD. 

In addition, the direct effects of SHANK3 may also be combined 
with other genetically (and/or environmentally) determined risk 
factors affecting the balance of excitation-inhibition— for example, 
the balance of glutamate and y-aminobutyric acid (GABA)).^^ 
GABA is an inhibitory amino acid neurotransmitter synthesized by 
decarboxylation of glutamate by the enzyme glutamic acid 
decarboxylase (GAD). In the adult brain, GAD exists in two major 
isoforms, GAD65 and GAD67, which are products of two 
independently regulated genes located on chromosomes 2 and 
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10, respectively. In ASD, chromosome 10 has been shown to 
reach genome-wide significance in linkage studies, and particu- 
larly in the region 10p12.1, which also encodes GAD65.^^ It has 
further been shown that individuals with ASD have a ^50% 
reduction in protein levels of the enzymes GAD65 and GAD67 in 
parietal (BA40) and cerebellar cortices,^° which are both 
regions where individuals with ASD show differences in brain 
anatomy from controls. During development, GABA can also act as 
a trophic factor and influence neuronal proliferation, migration, 
differentiation, synapse maturation and cell death.^^ Hence, 
SHANKS (alone or in combination with other factors) may affect 
synaptic functioning and brain connectivity, and increase the risk 
for ASD. 



Implications for research and drug development 
These findings coming from genetic investigations have important 
implications for ASD. First, it seems that very few genetic variants 
are 'causal' for ASD. Instead, they affect a wide variety of 
phenotypes with variable symptom expressivity, which may or 
may not meet the clinical cutoffs for ASD (that is, the 'broader 
autism phenotype')?^ Thus, there is a strong need for detailed 
phenotypic studies not only of patients with autism but also of 
unaffected individuals with more or less autistic traits who harbor 
such rare potentially causal mutations. For example, a recent study 
has also shown that a distinct autism-related CNTNAP2 'risk allele' 
is associated with reduced functional connectivity in frontal lobe 
networks, regardless of whether participants were autistic or 
'neurotypical'.^^ The findings of this study are important as they 
imply that some genetic variants may predispose individuals to 
ASD (that is, increase the risk of ASD) without necessarily being 
'causal' for the condition (that is, lead to clinical diagnosis of ASD). 
Such noncausal genetic variants may also affect the functional and 
structural makeup of particular brain regions (or neural systems) 
that contribute to the wider brain phenotype of ASD. Investiga- 
tions of a similar study design, which investigate the association 
between genetic variants and autistic traits across various 
conditions— and in neurotypicals— are hence of high importance 
for the future, as this will allow us to link specific aspects of brain 
structure, function and connectivity to specific CNVs that increase 
autism susceptibility. 

The existence of specific ASD genotypes also implies that these 
could be rescued (that is, 'manipulated') by specific, targeted 
molecular treatment. There is, therefore, now an opportunity to 
exploit these new findings and make progress on the develop- 
ment of new therapies for ASD, including both children and 
adults. For example, by specifically targeting CNVs of known 
developmental genes, efforts can be focused onto precisely those 
elements where these genes would be predicted to make the 
most impact. So far, drug discovery in ASD has also been 
hampered by the availability of valid human cellular assays that 
recapitulate normal and diseased neural function in vitro. 
Emerging data from both genetic and clinical studies in addition 
to rodent models of disease might, however, soon be used to 
configure cellular assays, which model the etiology of ASD. One 
approach being pioneered as part of a large-scale EU Innovative 
Medicines Initiative on Autism (EU-AIMS; http://www.eu-aims.eu) 
is to use induced human pluripotential stem cells from specific 
cohorts of patients to generate (in a culture dish) human neurons 
carrying the specific genotype of ASD individuals, and to examine 
the effect of these in mouse models. If successful, this approach 
will allow us to target specific aspects of neurobiology that are 
most atypical in ASD, rapidly 'assay' potential new treatments, and 
translate the findings from 'bench to bedside' (and back). Also, this 
approach may be used to find clusters of genotypes with similar 
neuronal phenotypes, which could then be used for case 
stratification in clinical studies and to evaluate the effect(s) of 
specific, targeted molecular treatment. 
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ASD-A MULTI-ETIOLOGICAL DISORDER OF DEFECTIVE 
SYNAPTIC STRUCTURE AND FUNCTIONING 

Although several CNVs are now known to mediate the risk of ASD, 
it is likely that each CNVs does not act in isolation. Instead, several 
significant 'gene clusters' have now been identified, which can be 
grouped together according to their functional involvement in 
ASD. For example, Gilman et al?^ identified several large 
functional network of genes affected by rare de novo CNVs in 
ASD using a network-based analysis of genetic associations 
(NETBAG). These networks included many of the CNVs discussed 
above, and primarily include genes coding for cell adhesion (for 
example, NRXNl, NLGN3) and scaffolding proteins (for example, 
SHANK2/3). Atypical cell adhesion and scaffolding affect the 
formation and consolidation of synaptic contacts, and hence have 
an impact on the formation of local neuronal connections on 
the microscopic level. Synaptogenesis has therefore become a 
'common theme'— linking CNVs associated with ASD function- 
ally—and directly impacts on the structural architecture of 
synaptic terminal on the microscropic level. The analysis of the 
functional impact across genes and/or CNVs supports the 
hypothesis that perturbed synaptogenesis may be a 'core deficit' 
of ASD, that is, common to all individuals with autistic symptoms 
and traits (see also^^). In addition, the findings of genetic studies 
imply that synaptic structure and functioning— mediated by 
synaptic transmission— is affected in ASD. 

Evidence for perturbed synaptic functioning come from several 
proton magnetic resonance spectroscopy studies. For example, 
individuals with ASD show differences in A/-acetyl-aspartate (a 
measure of neuronal density and mitochondrial function) 
concentration,^^ and in choline-containing compounds (Cho)— a 
measure of membrane turnover. However, recent studies have 
also highlighted the importance of abnormalities in glutamatergic 
neurotransmission in ASD, which can now be measured using 
proton magnetic resonance spectroscopy. For instance, in adults 
with ASD, glutamate concentrations were found to be increased in 
the amygdala-hippocampal regions in adults,^^ but to be 
decreased in many brain regions in children with ASD.^° Thus, 
synaptic defects in ASD may not be confined to their structural 
architecture but also to synaptic inhibition and excitation 
mediated by glutamate and GABA. The balanced interaction 
between glutamate and GABA transmission is essential for 
regulating cognition (for example, learning and memory) and 
emotional behaviors, and an imbalance between gluatamate 
excitation and GABA inhibition, leading to hyperexcitation, has 
been linked to ASD.^^"^"^ There is recent in vivo evidence from a 
Positron Emission Tomography study demonstrating proof of 
concept that individuals with ASD have significant differences 
from controls in GABA a-5 receptor binding.^^ Last, there is 
preliminary evidence implicating abnormalities in serotonergic 
system to ASD. For example, a significant proportion of ASD 
individuals may have hyperserotonemia (Hranilovic et al.^% and 
there are significant associations between ASD and genetic 
polymorphisms for serotonin synthesis,^'' transporters^^ and 
receptors.^^ Additionally, neuroimaging studies report that 
individuals with ASD have significant differences in serotonin 
synthesis and reductions in serotonin2A receptor binding, and the 
5HT transporter, in brain regions involved in social communication 
(for example, cingulate cortices).'^^"'^^ Furthermore, very recent 
evidence shows that abnormal brain activity during facial emotion 
processing in individuals with ASD is modulated by cortical 
serotonin levels, which may underpin some of the impairments in 
social functioning."^^ Although it has previously been suggested 
that selective serotonin reuptake inhibitors may not be effective in 
the treatment of all individuals with ASD,^^ it remains to be 
established if such small effect sizes are due to the large degree of 
phenotypic heterogeneity within the ASD population. Thus, 
individual's response to modulation of 5HT may potentially be 
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used as a possible stratification tool in the future and to elucidate 
the various biological phenotypes of the condition. 

CORTICAL NEUROPATHOLOGY OF ASD-FROM SYNAPSES 
TO LOCAL CIRCUITS 

Synaptic defects mediated by genetic variation in ASD not only 
affect their structural architecture, but also affect the formation of 
local neuronal circuitry. These, in turn, constitute the cyto- 
architectural and microstructural makeup of neocortical regions. 
For example, GABA— mediated by genes encoding for enzymes 
GAD65/67, which have both been associated with ASD (discussed 
above)— has a crucial role as 'trophic' factor during neurodevelop- 
ment."^^ However, GABA not only affects synaptic structure and 
functioning during neurodevelopment but also has an important 
role in the formation and functioning of local microcircuitry in the 
mature brain. Here, GABAergic interneurons are an integral part of 
cortical 'minicolumns', the basic architectonic and physiological 
elements of the neocortex,"^^ and are located mostly in the so- 
called peripheral neuropil space surrounding the column 'core'. In 
ASD, minicolumns have been reported to be more numerous and 
narrower than in neurotypicals, which is also associated with 
reduced peripheral neuropile space."^^'"^^ Thus, ASD may be linked 
to a reduction in GABAergic inhibitory activity and an imbalance 
of inhibition and excitation, which in turn may explain some 
clinical symptoms of ASD (for example, increased incidence of 
seizures and hypersensitivity to visual/auditory stimulation).^^ 
This example demonstrates how genetic variation associated with 
ASD can cause atypical development and morphology of synaptic 
terminals on the microstructural level, which then leads to altered 
neuronal organization and synaptic transmission in local neuronal 
circuits (for example, within minicolumns). In turn, altered 
neuronal organization will affect the cytoarchitectural makeup, 
gross anatomy and function of individual brain regions, which has 
been investigated in ASD using various neuroimaging techniques. 

THE ANATOMY OF THE BRAIN IN ASD 

It is well established that ASD is accompanied by differences in 
brain anatomy (also reviewed in^^). During early childhood, these 
differences are most prominent on the global level and include 
differences in overall brain growth trajectory of total gray- onwhite- 
matter volume (Courchesne et al?^), head circumferences (Lainhart 
etal?^) and/or surface area (Hazlett etal^^). During later childhood, 
adolescence and adulthood, however, ASD are associated with 
abnormalities in specific spatially distributed neural systems that 
may mediate specific symptoms and traits."^^ During early postnatal 
life, the brain in ASD may undergo a period of precocious 
accelerated growth, which may then be followed by an atypically 
slow or arrested growth during childhood, so that no global 
differences are generally observed in adulthood.^^ In childhood, 
increased brain size in ASD affects both gray and white matter,^"^ 
and may be mainly driven by an increase in surface area— rather 
than cortical thickness.^^ Normal intelligence adults with ASD, 
however, do not differ significantly from 'neurotypicals' in whole 
brain gray/white matter volume, but do in spatially distributed 
patterns of significant gray- or white-matter differences, indicating 
the wider neural systems implicated in ASD.^^ It has also been 
suggested that the overgrowth is idiosyncratic for different lobes of 
the brain, with frontal and temporal lobes being more affected than 
occipital and parietal lobes (Carper et al?^). Both the temporal and 
the frontal lobe are also brain areas that mature relatively late 
during normal development,^^ which further strengthens the 
hypothesis that the altered time course of brain maturation may 
lead to neuroanatomical differences in multiple neural systems 
rather than isolated regions. Across studies, the most replicated 
structural differences associated with ASD have been described 
in the cerebellum,^^ the amygdala-hippocampal complex,^^"^^ 
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fronto-temporal regions^^'^° and the caudate nuclei.^^'^^ It has also 
been suggested that neuroanatomical differences in specific brain 
structures mediate specific clinical symptoms. For instance, 
abnormalities in; (1) Broca's and Wernicke's area have been 
associated with social communication and language deficits;^^ (2) 
fronto-temporal regions and the amygdala have been related to 
abnormalities in socio-emotional processing;^^'^^ and 3) the 
orbitofrontal cortex and the caudate nucleus (that is, fronto-striatal 
system) may mediate repetitive and stereotyped behaviors.^^ These 
studies were important first steps that add weight to the suggestion 
that differences in brain anatomy observed in ASD underpin 
specific clinical symptoms and traits. 

However, despite growing evidence for the involvement of 
specific brain regions in ASD, many previous findings are 
nonreplicated. For example, cerebellum and amygdala have been 
variously reported to be normal, smaller and increased in size. For 
a long time, it was believed that this variability arose because 
most studies were of relatively small samples that differed in 
several key aspects within and across subject groups (for example, 
diagnostic criteria, intelligence quotient and age). However, recent 
work demonstrates that the effect sizes for neuroanatomical 
differences between individuals with ASD and neurotypicals 
remain moderate even when samples are large and well- 
characterized. For instance, Ecker et al.^^ investigated neuroana- 
tomical differences in a large sample of male adults with ASD and 
matched 'neurotypicals' {N= 176) using a multi-center acquisition 
paradigm. Despite the large sample size, however, relatively few 
clusters survived correction for multiple comparisons (for example, 
significant increases in volume of the anterior temporal and 
frontal lobe in ASD relative to controls). This may indicate that (1) 
the clinical diversity of the behaviorally defined autistic phenotype 
is also reflected on the level of brain anatomy (that is, multiple 
brain phenotypes) so that increasing sample sizes will not 
necessarily improve effect sizes. Alternatively, it may suggest that 
(2) individuals with ASD have differences in brain anatomy that are 
difficult to describe using conventional analytical approaches. 

More recent theoretical models suggest the need to consider 
ASD as a disorder of several large-scale neurocognitive networks. 
Regional or voxel-level analytical methods, which rely on 
conservative statistical thresholds mandated by the large number 
of voxels compared between groups, may not be optimal for 
detecting differences that are theoretically expected to be subtle 
and spatially distributed (that is, standard voxel-level approaches 
powerfully detect regional differences, but they are not are not 
suitable for systems-level questions). Multivariate or multi-voxel 
approaches, which are statistically more powerful and hence offer 
higher exploratory power, are therefore becoming increasingly 
popular to examine the brain in ASD. For example, the recent 
introduction of pattern classification techniques (discussed below) 
has proven invaluable in detecting brain regions that distinguish 
individuals with ASD from 'neurotypicals' on the basis of several 
neuroanatomical features (for example, cortical thickness, regional 
brain volumes and so on.). Taken together, these findings suggest 
that instead of asking the question 'what can ASD tell us about its 
neuroanatomy?', we ought to be examining what neuroanatomy 
can tell us about ASD. In this undertaking, the development of 
novel analytical approaches to identify the potentially multiple 
brain phenotypes of ASD as well as their genetic and molecular 
underpinnings will be essential. It is imperative that future 
investigations do not only target the genetic underpinnings of 
differences in brain volume in ASD, but also associate genetic 
markers with measures of brain connectivity in several large-scale 
'neural systems'. 

ASD-A 'NEURAL SYSTEMS' CONDITION 

It has been noted that the altered neurodevelopmental trajectory 
is likely to interfere with brain connectivity in ASD (recently 
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reviewed in Vissers et al.^^), as the time window of overgrowth 
coincides with the period when synaptogenesis, dendritic growth 
and myelination are at their peak (reviewed in Courchesne et al.^^ 
and Rippon et al.^^). Moreover, the maturation of higher-order 
cortical systems, such as the frontal and temporal lobes, rely on 
the earlier maturation of lower-order and phylogenetically older 
cortical systems (for example, somatosensory and visual cortices^^) 
so that any developmental dysregulation(s) during this critical 
time will not only affect the neural architecture of isolated brain 
regions (and their local connectivity), but also the formation of 
their global circuitry.^^ Thus, ASD is most likely a 'neural systems' 
condition that is mediated by abnormalities in spatially distrib- 
uted, large-scale cortical networks rather than isolated brain 
regions. ASD has therefore also been referred to as a 'develop- 
mental disconnection syndrome'/^ 

Evidence for atypical structural connectivity in ASD comes from 
an increasing number of neuroimaging studies measuring white- 
matter anatomy. For example, prior studies found that individuals 
with ASD have significant differences in white-matter volume,^°'^^ 
and microstructural integrity— as measured by diffusion tensor 
magnetic resonance imaging.^^"^^ Furthermore, it has been 
reported that individuals with ASD undergo abnormal postnatal 
white-matter development. Such prior reports mostly highlight 
significant increases in white matter during early childhood, which 
may precede the abnormal pattern of growth in gray matter.^"^ In 
adults, however, ASD is associated with a pattern of regional 
reductions in white matter, which suggests that white-matter 
differences may also result from differences in neurodevelop- 
mental trajectories. Several core deficits seen in ASD have also 
been associated with atypical connectivity of specific white-matter 
fiber tracts. For example, (1) diffusivity measures of the corpus 
callosum are significantly correlated with reduced processing 
speed in performance intelligence quotient tests in ASD/"^ (2) the 
severity of social impairments in ASD are related to abnormal 
diffusion anisotropy in fibers of the superior cerebellar peduncle^^ 
or (3) that individuals with ASD have significant differences in the 
anatomy and maturation of limbic tracts, which predominantly 
relay information underpinning socio-emotional processing.^^ 
Thus, although it is difficult to link specific cognitive functions to 
differences in white-matter anatomy, altered brain connectivity in 
addition to structural gray-matter differences may explain some of 
the behavioral features typically observed in ASD. 

Altered connectivity in ASD has also been reported by functional 
magnetic resonance imaging (MR!) studies, which have led to one 
of the dominant theories regarding brain connectivity in ASD; 
namely, that there is long distance under-connectivity and local 
over-connectivity of the frontal cortex.^^'^^ Reduced long-range 
cortical functional connectivity has been reported predominantly in 
frontal regions using a variety of fMRI paradigms including 
executive functioning,''^ working memory for faces^^ and facial- 
affect processing.^^ Less evidence has been provided for the 
concept of local under-connectivity, which may be mainly owing to 
the fact that it is difficult to measure. However, these MR! findings 
complement genetic investigations suggesting that atypical con- 
nectivity on the cellular level (that is, defect synaptic functioning) 
may affect interregional connectivity on the 'systems level' in ASD. 

AUTISM BIOMARKERS 

Owing to the new insights described above, there is now a search 
for biomarkers that can be used to assist the behavioral diagnosis, 
aid patient stratification and predict response to treatment/ 
intervention. 

So far, the discovery of biomarkers has been hindered by the 
complexity of the condition, as ASD has multiple causes (see 
above), comorbid conditions and varies in the type and severity of 
symptoms expressed. In addition, ASD is a neurodevelopmental 
condition and phenotypes are likely to vary with age. Therefore, it is 
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unlikely that ASD can be linked to a single biomarker (that is, a 
single gene or brain region) across the neurodevelopmental time 
course. Instead, ASD biomarkers are most likely to be multivariate 
and complex, encompassing data from different aspects of biology 
as well as genetics. However, no single analytical framework has so 
far been powerful enough to establish such complex 'biomarker 
systems'. 

Recent advances in analytical techniques now make it possible 
to utilize such complex, multivariate data in order to make a 
prediction. In the context of brain imaging, these techniques have 
been described as 'brain-reading' or 'brain-decoding' methods,^° 
and belong to a broad group of techniques collectively known as 
'machine learning'. The basic idea of machine learning is to train a 
computer algorithm to identify a complex pattern of data that can 
then be applied in new individuals to make a prediction. Training 
usually occurs in a well-characterized sample by finding a 
boundary or 'hyperplane' that best discriminates between 
different classes (for example, patients and controls). Once the 
classifier is 'trained', it can subsequently be used to predict group 
membership of a new test example (for example, new individual 
with unknown group membership) (see Figure 2). A key feature of 
pattern classification is their potential to detect global, complex 
and potentially multimodal patterns of abnormalities that cannot 
be efficiently identified with univariate methods (for example, 
general linear model). Machine-learning approaches are therefore 
particularly suited to explore biomarkers for ASD. 

A growing number of recent publications have therefore started 
to explore the diagnostic (that is, predictive) value of various 
measures of brain anatomy, functioning and connectivity for ASD. 
Most of the initial studies were based on measures of brain 
anatomy. Using a common variant of machine-learning, the so- 
called support vector machine, Ecker et al.^^ explored the 
diagnostic value of whole-brain structural MRI scans measuring 
regional gray- and white-matter volume. In this sample, support 
vector machine correctly identified individuals with ASD based on 
their brain anatomy with ~90% specificity and sensitivity. In 
addition to the overall binary classification (that is, being autistic or 
not), support vector machine provided a 'test margin' for each 
subject indicating how 'prototypical' the test example is of each 
class, which is related to the confidence with which a new 
participant can be classified. These test margins were positively 
correlated with the severity of current autistic symptoms- 
suggesting that support vector machine may be able to measure 
ASD along a continuum based on neuroanatomy. The develop- 
ment of a quantitative 'dimensional' approach (rather than a 
categorical classification) is of importance, as any usable biomarker 
needs to provide a quantitative measure of a pathogenic process 
rather than simply testing for the existence of a particular 
pathological phenotype. These original reports, which provided a 
proof of concept, are now supported by several other studies using 
different imaging modalities; and which also examined different 
age groups. Using structural MRI data, high classification accuracies 
have been replicated in children and adolescents with ASD,^^'^^ as 
well as females with the condition.^^ It has also been demonstrated 
that ASD may be detected using measures of brain functioning,^^ 
as well as using functional and structural connectivity indices.^^"^^ 
Notably, a recent study, which also incorporated genetic informa- 
tion into the classifier, proved highly accurate in distinguishing 
individuals with Asperger syndrome from high-functioning aut- 
ism.^^ In summary, initial work on the ability of biomarkers to 
classify people having autism looks promising, but several crucial 
questions need to be addressed first before these novel methods 
find their way into clinical practice. One of these crucial issues is 
the clinical specificity. 

Although the established methods seem highly successful at 
distinguishing individuals with ASD from 'neurotypicals', it is currently 
unknown how well the biomarkers are able to separate ASD from 
related comorbid conditions (for example, deficit-hyperactivity 
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Figure 2. Pattern classification using support vector machine based on structural magnetic resonance images in Autism Spectrum Disorders 
(ASD). The classifier is initially 'trained' on a well-characterized sample of individuals with ASD and controls. Training results in a 'discrimination 
map' indicating regions that can be used to discriminate between ASD and controls. This map can then be used to predict group membership 
of a new test example (for example, ASD or control). 



disorder, social anxiety or obsessive-compulsive disorders). 
Preliminary evidence suggest that the proposed methods are 
indeed specific to ASD rather than neurodevelopmental condi- 
tions in general,^° but conclusive evidence is still required. Also, it 
is currently unknown if the proposed ASD biomarkers will be 
able to deal with the clinical heterogeneity of the condition. So 
far, only one study has looked at a specific subtype of ASD— 
low-functioning children with ASD— and demonstrated that these 
can be differentiated from children with a general intellectual 
disability using perfusion (Positron Emission Tomography) data.^^ 
This study was an important step forward, as classifier accuracy 
was investigated across different autism subtypes.^ 

Thus, although the search for ASD biomarkers is still in its 
infancy, the availability of new analytical techniques with high 
exploratory power and predictive value offers promising new 
avenues into finding a biomarker whose complexity equals the 
etiology and phenotype of the condition. If successful, such a 
biomarker (or a set of biomarkers) might one day prove invaluable 
in helping diagnose, treat and characterize ASD. 

CONCLUSIONS 

Over the last decade, the behavioral diagnosis of ASD has been 
invaluable in the clinical setting, as it can accommodate all 
variations of the ASD spectrum, regardless of their etiology. 
However, for any biologist (geneticist or neuroscientist) trying to 
solve what is often referred to as the 'puzzle of neurobiology' in 
ASD, starting with the behavioral phenotype, represents a 
heuristic challenge, which can only be compared with solving 
an inverse problem. However, new approaches to genotype 
clustering and the identification of their common functional 
pathways may enable us in the future to find comparable (that is, 
homogenous) groups of individuals with ASD, which can be 
combined in order to elucidate their common underlying 
neurobiology. Given the genetic and phenotypic heterogeneity 
of ASD, neither 'top-down' clinical and translational studies, nor 
'bottom-up' model system analysis are therefore likely to impact 
on ASD alone. Rather, we need to integrate proven technologies 
around animal models, cellular assays, together with new 
analytical approaches in clinical populations to elucidate the 
complex etiology and phenotype of the condition. Recent animal 
and postmortem studies are important steps forward in this quest. 
For example, recent work^^ demonstrate how causal interactions 
between geno- and phenotype can be established by means of 
active genetic manipulation. Furthermore, the discovery of multiple. 



specific ASD genotypes implies that these may be rescued (that 
is, 'manipulated') by specific, targeted molecular treatment. There 
is therefore now an opportunity to exploit these new findings 
and make progress on the development of new therapies for ASD, 
including both children and adults. There is no doubt that 
advances in genetic and imaging technologies offer promising 
new ways of finding biomarkers and/or treatment targets for ASD. 
If successful, these new approaches may one day prove invaluable 
in diagnosis, treating and characterizing ASD. 
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